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Hepatitis A virus (HAV) has been adapted to grow efficiently in primate and some nonprimate cell lines but
not in cells of murine origin. To understand the inability of the virus to grow in mouse cells, we studied the
replication of HAV in immortalized and nontransformed MMH-D3 mouse liver cells, which require growth
factors and collagen to maintain their phenotype. HAV grew in MMH-D3 cells transfected with virion RNA but
not in those infected with viral particles, indicating a cell entry block for HAV. However, MMH-D3 cells
cultured under suboptimal conditions in the absence of growth factors acquired susceptibility to HAV infection.
Serial passages of the virus in MMH-D3 cells under suboptimal growth conditions resulted in the selection of
HAV variants that grew efficiently in MMH-D3 cells cultured under both optimal and suboptimal conditions.
Nucleotide sequence analysis of the MMH-D3 cell-adapted HAV revealed that N1237D and D2132G substi-
tutions were present in the capsid regions of six viral clones. These two mutations are most likely located on
the surface of the virion and may play a role in the entry of HAV into the mouse liver cells. Our results
demonstrate that mouse hepatocyte-like cells code for all factors required for the efficient growth of HAV in cell
culture.

Hepatitis A virus (HAV), a member of the Picornaviridae
family, causes acute hepatitis in humans (for a review, see
reference 14). The mature viral particle consists of a coat of 60
copies of at least three viral proteins (VP1, VP2, and VP3),
which encapsidates a positive-strand RNA genome of approx-
imately 7,500 nucleotides. It is not clear whether the fourth
capsid protein, VP4, which is found in all other picornaviruses,
is also present in mature HAV particles. In general, wild-type
HAV grows inefficiently in vitro but accumulates attenuating
mutations during cell culture adaptation (for a review, see
reference 14). HAV has been adapted to grow in cells of
primate (1, 5–7, 10, 12, 28) and nonprimate (9) origin. There-
fore, the cellular factors required for HAV growth are not
restricted to primate cells.

The pathogenesis of HAV is poorly understood, and exper-
imentation is difficult because primates are the only animal
model for this virus (8, 17, 21). Development of a small-animal
model to study the pathogenesis of HAV is highly desirable,
especially in light of recent findings showing an inverse asso-
ciation between HAV infection and the development of
asthma (22, 23). It is likely that this inverse association is
mediated by the human HAV cellular receptor 1 (hhavcr-1)
(11), an ortholog of Tim1 and Tim2, which have been de-
scribed as asthma determinant genes in mice (24, 37). More-
over, it has recently been shown that infection with HAV may
protect individuals from atopy if they carry a variant of
hhavcr-1 (25).

HAV does not grow efficiently in mouse cell lines (9, 35),
and our initial attempts to infect mice with HAV were also
unsuccessful (J. Lu, D. Feigelstock, and G. Kaplan, unpub-
lished data). Adaptation of this virus to mouse cells may be

required to develop a mouse model for HAV. We have re-
cently shown that mouse Ltk- cells transfected with the infec-
tious cDNA of HAV can support intracellular virus replication
(19). However, the HAV grown in Ltk- cells was not capable of
reinfecting naı̈ve mouse cells. Since it is possible that liver-
specific factors are required for cell entry of HAV, we at-
tempted to adapt HAV to grow in mouse liver cells. Few
immortalized mouse hepatocyte cell lines have been generated
to date, and most present a transformed phenotype and loss of
liver cell characteristics (3, 4). Recently, Amicone et al. (2)
generated nontransformed immortalized cell lines from livers
of transgenic mice carrying a truncated cytoplasmic form of the
human MET gene. One of these cell lines, termed MMH-D3,
was derived from a liver of a 3-day-old MET transgenic mouse
and has a homogeneous epithelial morphology (34). Here, we
report that HAV grew in MMH-D3 cells transfected with
virion RNA but not in those infected with viral particles. In-
terestingly, the MMH-D3 cells gained susceptibility to HAV
infection after withdrawal of epidermal growth factor (EGF)
from the culture medium. Serial passages of HAV in MMH-
D3 cells grown under suboptimal conditions, i.e., in the ab-
sence of growth factors and in uncoated plates, resulted in the
selection of HAV variants that grew more efficiently in mouse
cells than the parental virus. Surprisingly, this mouse-adapted
HAV also grew efficiently in MMH-D3 cells cultured under
optimal conditions. Nucleotide sequence analysis of the capsid
region revealed that the mouse-adapted HAV contained two
mutations, N1237D and D2132G, which most likely map to the
surfaces of the virions and may allow the entry of HAV into
mouse liver cells.

This is the first report to demonstrate that mouse cells code
for functional HAV receptors and other factors required for
the efficient growth of HAV in cell culture. The experimental
system described in this paper will help identify cellular and
viral determinants required for the efficient growth of HAV in
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murine cells, which could lead to the development of a mouse
model for study of the pathogenesis of HAV.

MATERIALS AND METHODS

Antisera. Anti-HAV antiserum was produced in rabbits immunized with com-
mercially available HAV vaccine (32). Peroxidase-labeled goat anti-rabbit anti-
bodies (Kirkegaard and Perry Laboratories, Inc.) were used as recommended by
the manufacturer.

Cells and viruses. The GL37 continuous clone of African green monkey
kidney cells (GL37 cells) (15) was grown in Eagle’s minimal essential medium
(EMEM) containing 10% fetal bovine serum (FBS) at 37°C in a CO2 incubator.
Fetal rhesus monkey kidney (FRhK-4) cells, a kind gift of S. Emerson, National
Institutes of Health (NIH), were grown in monolayer cultures in EMEM sup-
plemented with 10% horse serum. MMH-D3 cells were obtained from Frank
Chisari, The Scripps Research Institute, La Jolla, Calif. The MMH-D3 cells were
cultured between passages 3 and 20 by using plates treated for 5 min with 50 �g
of type 1 rat collagen (BD Biosciences)/ml. The MMH-D3 cells were grown in
RPMI 1640 medium containing 10% FBS, 10 �g of insulin (Roche)/ml, 50 ng of
EGF (BD Biosciences)/ml, and 30 ng of insulin-like growth factor II (IGF II)
(Sigma)/ml at 37°C in a CO2 incubator. A mouse liver cell line was derived from
MMH-D3 cells after 40 serial passages under suboptimal conditions in uncoated
plates using a growth medium without EGF and IGF II; these were termed
high-passage MMH (HP-MMH) cells. Murine Ltk- cells were grown in modified
Eagle’s minimal essential medium (DMEM) containing 10% FBS at 37°C in a
CO2 incubator.

The cell culture-adapted HM175 strain of HAV, derived from an infectious
cDNA clone (6), was termed HAV/7. This cDNA-derived virus was grown for
approximately 100 passages in BS-C-1 cells and was termed HAV PI (a kind gift
of S. Feinstone, U.S. Food and Drug Administration). The HAV viral stocks
were produced in FRhk-4 cells.

To produce viral stocks, cell monolayers were detached with trypsin, growth
medium was added, HAV was released from the cells by three freeze-thaw cycles,
cell debris was pelleted, and supernatants containing the virus were stored at
�80°C in sterile tubes.

Transfection of cells with HAV RNA. HAV/7 was purified through a 40%
sucrose cushion (36). Virion RNA was extracted with phenol-chloroform-1%
sodium dodecyl sulfate, precipitated with ethanol in the presence of 0.3 M
sodium acetate, washed with 70% ethanol, dried, and resuspended in DEP
(diethyl pyrocarbonate)-treated water. A transfection mix consisting of 1 �g of
HAV/7 virion RNA and 5 �l of Lipofectine transfection reagent (Invitrogen,
Inc.) in 0.1 ml of OptiMEM serum-free medium (Invitrogen, Inc.) was incubated
for 30 min at room temperature. Cells seeded 24 h earlier in 25-cm2 flasks were
washed with OptiMEM and inoculated with the transfection mix in 2 ml of
OptiMEM. At 24 h posttransfection, monolayers were washed, and growth me-
dium containing 10% FBS was added to the cells.

Determination of HAV titers. Infected monolayers were subjected to three
freeze-thaw cycles, cellular debris was pelleted, and supernatants containing
HAV were stored at �70°C. HAV titers were determined by an endpoint en-
zyme-linked immunosorbent assay (ELISA) in 96-well plates containing conflu-
ent monolayers of GL37 cells (32). Briefly, six replicate wells were inoculated
with 100 �l of 10-fold dilutions of HAV in EMEM–10% FBS, and plates were
incubated at 35°C for 2 weeks in a CO2 incubator. Cell monolayers were fixed
with 90% methanol, washed, and stained with a 1:2,500 dilution of rabbit anti-
HAV antibodies and a 1:25,000 dilution of peroxidase-labeled goat anti-rabbit
antibodies. TMB one-component substrate (Kirkegaard and Perry Laboratories,
Inc.) was added, and the reaction was stopped with 1% H2SO4. Viral titers were
determined by the method of Reed and Muench (29) using the ID50 program
(version 5.0) developed by John L. Spouge (National Center for Biotechnology
Information, NIH).

Quantitative RT-PCR. HAV RNA was quantitated by a Taqman assay (33)
using the Platinum Quantitative RT-PCR (reverse transcription-PCR) Thermo-
Script one-step system as recommended by the manufacturer (Invitrogen, Inc.).
In vitro-synthesized full-length HAV RNA transcribed from linearized pT7HAV
by using T7 RNA polymerase (38) was used as the standard for the quantitative
PCR.

Isolation of HAV clones and nucleotide sequencing analysis of the capsid
region. Viral clones were obtained by endpoint dilution in 96-well plates con-
taining confluent monolayers of GL37 cells. Plates were inoculated with 10-fold
dilutions of an HAV-MMH passage-21 stock that had 6 additional passages in
MMH-D3 cells. Forty-eight wells were inoculated per virus dilution, and plates
were incubated at 35°C for 12 days in a CO2 incubator. Supernatants were
transferred to a new plate, and cells were fixed and stained with anti-HAV

antibodies as described above for the determination of viral titers. To ensure that
each clone was derived from a single infectious particle, we sonicated the virus
before inoculating the cells and selected clones from the highest possible dilu-
tion, which had 8 ELISA-positive wells out of the 48 inoculated wells. Superna-
tants of six ELISA-positive wells were harvested, and total RNA was extracted
from 100 �l of each clone by using Trizol-LS (Invitrogen, Inc.) as recommended
by the manufacturer. After ethanol precipitation, RNA was resuspended in 20 �l
of DEP-treated water containing 1 mM dithiothreitol and 1 U of RNasin/�l. The
cDNA of the capsid region of uncloned HAV-MMH, the six clones as well as the
parental HAV PI, was amplified by RT-PCR. First-strand viral cDNA was
synthesized by using 10 �l of the extracted RNA, primer 5�-TTTTCCACATCT
TGGATTTGCAAAATGCAA-3�, corresponding to nucleotides 4219 to 4190 of
HAV, and Superscript II reverse transcriptase as recommended by the manu-
facturer (Invitrogen, Inc.). The cDNA fragment of the capsid region was ampli-
fied by using primers 5�-GGCATTTAGGTTTTTCCTCATTCTTA-3� and 5�-
AACCAATATCTGCATAATTCA-3�, corresponding to nucleotides 702 to
727 and 3900 to 3879 of the HAV genome, respectively, and the Expand High
Fidelity PCR System (Roche) as recommended by the manufacturer. Amplified
cDNA fragments were purified by electrophoresis in Tris-acetate-EDTA–1%
agarose gels, bands were cut and extracted from the gel by using GenElute
agarose spin columns (Sigma), and cDNA was precipitated with ethanol. PCR
products were sequenced by using an ABI Prism automatic sequencer and the
ABI Prism Big Dye Terminator cycle-sequencing ready reaction kit (Perkin-
Elmer Cetus, Inc.) as recommended by the manufacturer. Synthetic oligonucle-
otides 5�-GGCATTTAGGTTTTTCCTCATTCTTA-3�, 5�-GCTGAGGTTGGA
TCACACCAG-3�, 5�-GAGAGGAGATCTTGTCTTTGA-3�, 5�-CACAATAA
GCTTCCCAATGGCAGTGTACTCACCTTT-3�, 5�-ATTGGGAAGCTTATT
GTGTATTGTTATAACAGATTG-3�, 5�-CATCATAGATTTTAAAGTTCCA
GC-3�, 5�-AGCTCTGGTCACCAGGAACCATAGCACAGATCAATC-3�, and
5�-TGGAAGTACTTCACTTGACA-3�, corresponding to nucleotides 702 to
727, 900 to 929, 1802 to 1822, 2081 to 2046, 2064 to 2099, 3743 to 3720, 1206 to
1171, and 3209 to 3189 of the HAV genome, respectively, were used as sequenc-
ing primers.

RESULTS

MMH-D3 cells do not support the efficient growth of HAV
PI. To assess whether HAV could infect mouse hepatocyte-like
MMH-D3 cells grown under optimal conditions (2) (using
collagen-coated plates and a medium containing EGF and IGF
II), subconfluent monolayers of MMH-D3 cells were infected
with HAV PI at a multiplicity of infection (MOI) of 1 to 2 50%
tissue culture infective doses (TCID50)/cell. HAV-susceptible
GL37 and non-HAV-susceptible Ltk- cells were infected under
similar conditions. After 24 h, cells were washed three times,
split 1:3, and grown at 35°C for 1 week. Cells were split weekly,
one-third of the cells were seeded into a new T25 flask, and
one-third of the cells were used to produce a viral stock that
was titrated in monkey GL37 cells by the ELISA endpoint
dilution assay (Fig. 1). As expected, HAV PI grew in positive-
control GL37 cells and did not grow in negative-control mouse
Ltk- cells. HAV PI did not grow in mouse MMH-D3 cells,
which indicated that these cells were not susceptible to HAV
PI infection.

HAV grows in MMH-D3 cells transfected with virion RNA.
To analyze whether HAV failed to grow in MMH-D3 cells
because of a cell entry block(s), MMH-D3 cells were trans-
fected with HAV virion RNA. GL37 and Ltk- cells were used
as positive and negative transfection controls, respectively.
Cells were split 1:3 weekly, and one-third of the cells was used
to prepare a viral stock. At 2 weeks posttransfection, HAV
titers were determined by ELISA using an endpoint dilution
assay in GL37 cells (Fig. 2). Interestingly, MMH-D3 cells
transfected with virion RNA produced 103 to 104 TCID50 of
HAV/ml. HAV did not grow in Ltk- cells transfected with
virion RNA under the same conditions, a finding that is con-
sistent with our previous results (9) and further confirms that
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Ltk- cells contain an intracellular block(s) to HAV replication.
HAV grew to higher titers (106 to 107 TCID50/ml) in GL37
cells, a result that is expected after multiple rounds of infection
in these susceptible cells, and was not detected in mock-trans-
fected cells. Since the virus grew in MMH-D3 cells transfected
with virion RNA but not in MMH-D3 cells infected with HAV
particles (Fig. 1), we concluded that these cells were permissive
for HAV PI replication but not susceptible to HAV PI infection.

MMH-D3 cells grown under suboptimal conditions gained
susceptibility to HAV PI infection. It was of interest to deter-
mine whether changes in cell culture conditions could affect
the susceptibility of MMH-D3 cells to HAV infection. To do
so, we cultured MMH-D3 cells under suboptimal conditions in
the absence of EGF and IGF II for 40 passages, and we termed
the resulting cell line HP-MMH cells. It should be pointed out

that the morphology of this cell line was different from that of
the parental MMH-D3 line, i.e., the cells looked smaller and
lost contact inhibition. We compared the growth of HAV in
MMH-D3 cells cultured under optimal conditions, MMH-D3
cells cultured under suboptimal conditions for 3 days, HP-
MMH cells, and control GL37 cells. Cells were infected with
HAV PI at an MOI of 2 TCID50/cell and were incubated at
35°C under 5% CO2. At 24 h postinfection, cells were washed
and trypsinized. One-third of the cells was seeded in a T25
flask for further culture, one-third was used to produce a viral
stock, and the remaining one-third was used to extract total
RNA for a viral quantitative RT-PCR assay (Taqman). Sur-
prisingly, the MMH-D3 cells cultured under suboptimal con-
ditions for 3 days and HP-MMH cells gained susceptibility to
HAV infection and produced approximately 105 TCID50/ml
(Fig. 3A). As expected, HAV grew in GL37 cells to approxi-
mately 106 TCID50/ml and did not grow in MMH-D3 cells
cultured under optimal conditions. Indirect immunofluores-
cence analysis using human anti-HAV antibodies showed that
approximately 1 to 2% of the HAV PI-infected mouse cells
had the characteristic cytoplasmic granular fluorescence of
HAV-infected cells compared to 100% of the GL37-infected
cells (data not shown). This limited growth of HAV in the
mouse cells indicated that HAV infection was still partially
blocked in MMH-D3 cells cultured under suboptimal condi-
tions for 3 days and HP-MMH cells. A Taqman assay (Fig. 3B)
performed at 32 days postinfection showed that approximately
105 and 3 � 104 HAV genome equivalents per �g of total
cellular RNA were produced in MMH-D3 cells cultured under
suboptimal conditions for 3 days and in HP-MMH cells, re-
spectively. Viral RNA was not detected in MMH-D3 cells
grown under optimal conditions or in mock-infected cells. Pos-
itive-control GL37 cells produced approximately 2 to 3 log
units more RNA than MMH-D3 cells grown under subop-
timal conditions. These Taqman results confirmed that the
MMH-D3 cells grown under suboptimal conditions gained sus-
ceptibility to HAV infection. Further analysis showed that ap-
proximately 105 TCID50 of HAV/ml were detected in cells
grown without EGF or without both EGF and IGF II (Fig. 4).
A low level of HAV (103 TCID50/ml) was detected in
MMH-D3 cells cultured with both growth factors (complete
medium) or in the absence of IGF II, which most likely rep-
resents input virus or background levels of HAV replication.
Consequently, withdrawal of EGF alone was sufficient to allow
HAV PI infection of the MMH-D3 cells. Since HAV repli-
cated in MMH-D3 cells transfected with virion RNA (Fig. 2),
our results clearly showed that withdrawal of EGF eliminated
the block(s) to HAV PI infection in these cells.

Adaptation of HAV to grow in MMH-D3 cells cultured un-
der optimal conditions. We hypothesized that passages of
HAV in HP-MMH cells could result in the accumulation of
host range mutations that would allow HAV infection of
MMH-D3 cells cultured under optimal conditions. Therefore,
we grew HAV PI in HP-MMH cells for an extended period.
Cells were infected with HAV PI at an MOI of 2 TCID50/cell,
incubated at 37°C under 5% CO2, and split 1:3 weekly. At 83
days postinfection, a viral stock was prepared and termed
HAV-MMH. In addition, we performed 21 serial passages of
HAV-MMH in naı̈ve HP-MMH cells grown in T25 flasks.
Viral stocks of each serial passage were prepared and stored at

FIG. 1. Growth of HAV in cell lines after infection. Monolayers of
MMH-D3, Ltk-, and GL37 cells grown in 25-cm2 flasks were infected
with HAV PI at an MOI of 1 to 2 TCID50/cell. At 24 h postinfection,
cells were washed three times, split 1:3, and grown at 35°C in a CO2
incubator. Cells were split 1:3 weekly; approximately one-third of the
collected cells were subjected to three freeze-thaw cycles, cell debris
was pelleted, and the supernatant containing HAV was stored at
�70°C. HAV was titrated by an endpoint ELISA in 96-well plates
containing GL37 cell monolayers. Values are log10 HAV titers deter-
mined by the method of Reed and Müench (29). Error bars, standard
deviations.

FIG. 2. Growth of HAV in cell lines transfected with virion RNA.
Monolayers of MMH-D3, Ltk-, and GL37 cells grown in 25-cm2 flasks
were transfected with virion RNA. At 6 h posttransfection, cells were
washed three times, split 1:3, and grown at 35°C in a CO2 incubator.
Cells were split 1:3 weekly; one-third of the collected cells were sub-
jected to three freeze-thaw cycles, cell debris was pelleted, and the
supernatant containing HAV was stored at �70°C. HAV was titrated
as described in the legend to Fig. 1. Error bars, standard deviations.
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�80°C. We then analyzed the growth of HAV-MMH passage
20 (P20), HAV-MMH passage 21 (P21), and parental HAV PI
in MMH-D3 cells cultured under optimal conditions (Fig. 5).
Cells were infected with HAV at an MOI of 0.2 TCID50/cell
and incubated at 37°C under 5% CO2. At 24 h postinfection,
monolayers were washed and trypsinized. One-third of the
cells was seeded into a T25 flask for further culture, and one-
third of the cells was used to produce a viral stock. Titration of
the viral stocks showed that HAV-MMH P20 and P21 grew 5
log units in MMH-D3 cells whereas HAV PI did not grow in
these cells. Hence, extensive passage of HAV PI in HP-MMH

cells resulted in the selection of HAV-MMH variants that grew
in MMH-D3 cells cultured under optimal conditions. These
variants overcame the cell entry blocks(s) that prevented in-
fection of MMH-D3 cells cultured under optimal conditions
with the parental HAV PI.FIG. 3. Susceptibility to HAV infection of MMH-D3 cells grown

under suboptimal conditions. Monolayers of MMH-D3 cells grown
under optimal conditions [MMH-D3 (�) IGF II/EGF] or without IGF
II and EGF [MMH-D3 (�) IGF II/EGF] were infected with HAV PI
at an MOI of 1 TCID50/cell. HP MMH cells, which were derived from
MMH-D3 cells after 40 passages under suboptimal conditions, and
positive-control GL37 cells were also infected with HAV under the
same conditions. At 24 h postinfection, cells were washed three times,
split 1:3, and grown at 35°C in a CO2 incubator. Cells were split 1:3
weekly and grown at 35°C in a CO2 incubator. (A) An aliquot of the
remaining cells corresponding to approximately one-third of the in-
fected monolayer was subjected to three freeze-thaw cycles. Cellular
debris was pelleted, and the virus in the supernatant was stored at
�70°C. HAV was titrated as described in the legend to Fig. 1. Error
bars, standard deviations. (B) At 32 days postinfection, approximately
one-third of the collected cells were used to prepare total RNA. The
number of HAV genomes per microgram of total RNA was deter-
mined by a quantitative Taqman RT-PCR. Bars represent mean HAV
RNA copies per microgram of total RNA obtained from four inde-
pendent RT-PCRs. The limit of detection of the Taqman PCR is
indicated by a dashed line. Error bars, standard deviations.

FIG. 4. Growth of HAV in MMH-D3 cells cultivated without EGF.
MMH-D3 cells grown under optimal conditions (with IGF II and EGF
[complete medium]), without IGF II [(�) IGF II], without EGF [(�)
EGF], or without both growth factors [(�) IGF II/EGF] were infected
with HAV PI at an MOI of a 2 TCID50/cell. At 24 h postinfection, cells
were washed three times, split 1:3, and grown at 35°C in a CO2 incu-
bator. Cells were split 1:3 weekly; approximately one-third of the
remaining cells were subjected to three freeze-thaw cycles, cellular
debris was pelleted, and the HAV in the supernatant was titrated as
described in the legend to Fig. 1. Error bars, standard deviations.

FIG. 5. Growth of HAV-MMH in MMH-D3 cells cultivated under
optimal conditions. Monolayers of MMH-D3 cells grown in six-well
plates with a medium containing EGF and IGF II were infected with
parental HAV PI, HAV-MMH P20, or HAV-MMH P21 at an MOI of
0.2 TCID50/cell. At 24 h postinfection, cells were washed three times
and incubated at 35°C in a CO2 incubator. Cells were split 1:3 weekly;
approximately one-third of the remaining cells were subjected to three
freeze-thaw cycles, cellular debris was pelleted, and the HAV in the
supernatant was titrated as described in the legend to Fig. 1. Error
bars, standard deviations.
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HAV variants that grow in MMH-D3 cells contain muta-
tions in the capsid region. To determine whether HAV-MMH
P21 contained mutations in the capsid region that allowed it to
grow in MMH-D3 cells cultured under optimal conditions, we
analyzed the nucleotide sequences of six viral clones obtained
by endpoint dilution (clones 3 to 7 and 9). To do so, cDNA
fragments of the capsid region of the uncloned HAV-MMH
P21, the six clones, and the parental HAV PI were amplified by
RT-PCR, gel purified, and subjected to automated nucleotide
sequencing. The deduced amino acid sequences of the capsid
region (Table 1) revealed that the uncloned HAV-MMH and
the six clones contained N1237D and D2132G substitutions in
VP1 and VP2, respectively, compared to HAV PI. In addition,
clone 5 contained an A3190V mutation in VP3, and clone 7
contained a A1176D mutation in VP1. Since all the clones
infected MMH-D3 cells (data not shown), our results sug-
gested that the N1237D and D2132G mutations were respon-
sible for the adaptation of HAV to mouse hepatocyte-like
MMH-D3 cells.

DISCUSSION

The determinants of HAV replication and pathogenesis are
poorly understood. Experimentation with HAV is difficult be-
cause it grows poorly in cell culture. Since primates are the
only animal models for this virus, development of a small-
animal model to study the pathogenesis of HAV is highly
desirable. A mouse model for HAV would be ideal, but un-
fortunately, HAV does not replicate efficiently in cells of mu-
rine origin.

To circumvent this problem, we attempted to adapt HAV to
grow efficiently in MMH-D3 cells, a nontransformed mouse
hepatocyte cell line (2). To maintain optimal proliferation and
retain their hepatocyte-like characteristics, the MMH-D3 cells
were cultivated in the presence of insulin, EGF, and IGF II.
Our results showed that HAV can grow in MMH-D3 cells
transfected with virion RNA but not in MMH-D3 cells infected
with HAV particles, which implies a problem at the cell entry
level. The cell entry block(s) was overcome by withdrawal of
EGF from the culture medium of the MMH-D3 cells. This
acquired susceptibility to HAV infection could be due to sev-
eral reasons, for instance, (i) the expression of an endogenous
mouse gene(s) capable of serving as a cellular receptor for
HAV, (ii) the activation of transcriptional or posttranscrip-

tional events that allowed normally expressed genes to func-
tion as HAV cellular receptors, or (iii) the repression of a
mouse gene(s) that prevented cell entry of HAV. More re-
search will be required to elucidate the molecular basis for the
gain of susceptibility to HAV infection after withdrawal of
EGF from the cell culture medium of the MMH-D3 cells.

Interestingly, hepatitis A (HA) is an age-dependent disease.
Children 6 years old or younger usually develop subclinical
forms of HA whereas older individuals develop more-severe
manifestations of the disease (13, 16). Because aging reduces
the response to EGF treatment and the phosphorylation of the
EGF receptor (18, 27; reference 31 and references therein), it
is tantalizing to postulate an inverse relationship between the
severity of HA and the response to EGF. The response to EGF
may also play a role in the severity of HA. Further research will
be required to determine whether EGF could also influence
the susceptibility of human hepatocytes to HAV infection and
to determine whether EGF plays a role in the severity of HA.

It has previously been reported that HAV can grow effi-
ciently in cells of primate origin and some cells of nonprimate
origin but not in mouse cells. Takeda et al. (35) detected
negative-strand HAV RNA in mouse L929 and NIH/3T3 cells
after infection with HAV. However, low levels of HAV (101.8

TCID50s) were produced after transfection of viral RNA, sug-
gesting that a very limited infection occurred in these cells. We
have recently shown that mouse Ltk- cells can support HAV
growth after transfection with HAV infectious cDNA (19). It
should be pointed out that Ltk- cells were not susceptible to
HAV infection and that the cDNA-transfected Ltk- cells that
supported efficient levels of HAV growth had to be selected by
several rounds of single-cell cloning. This paper is the first
report of mouse cells that are susceptible to HAV infection
and support the efficient growth of this virus. We showed that
MMH-D3 cells grown under suboptimal conditions gained sus-
ceptibility to HAV infection and produced approximately 105

TCID50 of virus/ml. Additionally, serial passages of HAV in
HP-MMH cells, which were derived from MMH-D3 cells cul-
tured under suboptimal conditions, resulted in the selection of
viral variants that acquired the capability of infecting hepato-
cyte-like MMH-D3 cells cultured under optimal conditions.
These mouse-adapted HAV-MMH variants contained four
amino acid substitutions in the capsid region. Mutations
N1237D and D2132G were present in the six clones that we
analyzed, which suggested that these two substitutions were
responsible for the adaptation of HAV to mouse hepatocyte-
like cells. We are currently constructing HAV mutants to de-
termine whether these two changes are indeed responsible for
the adaptation of HAV to mouse hepatocyte-like cells. Al-
though the structure of HAV has not yet been resolved, a
model of the HAV capsid predicted that both mutations are
located at the viral surface (20). Interestingly, N1237D is ad-
jacent to Q1232, a residue that is within the major antigenic
site of HAV (26). In addition, Y1236 has been shown to be
accessible to iodination in highly purified virions (30), which
also suggests that this residue is exposed at the virion surface.
Therefore, it is possible that amino acid residues 237 of VP1
and 132 of VP2 are indeed located at the surface of the HAV
particle and that mutations N1237D and D2132G allowed the
interaction of HAV-MMH with a mouse receptor that medi-

TABLE 1. Amino acida substitutions in the capsid proteins VP1,
VP2, and VP3 of uncloned HAV-MMH and six HAV-MMH clones

compared to HAV PI

Virus

VP1
VP2

residue 132
VP3

residue 190Residue
176

Residue
237

HAV PI A N D A
HAV-MMH D G
HAV-MMH clone 3 D G
HAV-MMH clone 4 D G
HAV-MMH clone 5 D G V
HAV-MMH clone 6 D G
HAV-MMH clone 7 D D G
HAV-MMH clone 9 D G

a One-letter amino acid code is used.
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ated cell entry. Further research and the elucidation of the
structure of HAV will be required to validate this hypothesis.

A multigene family of mouse orthologs of hhavcr-1 has re-
cently been identified (24). Two members of this multigene
family, Tim1 and Tim2, share a high degree of homology with
hhavcr-1. It is presently unknown whether members of the
mouse Tim family have HAV receptor function. However, pre-
liminary results (D. Feigelstock and G. Kaplan, unpublished
data) indicated that withdrawal of EGF from the cell culture
medium of MMH-D3 cells did not affect the levels of Tim1 and
Tim2 expression. Further work will be required to determine
whether members of the Tim family have HAV receptor func-
tion.

In this paper, we showed for the first time that mouse cells
code for all the cellular factors required for the efficient growth
of HAV. We also showed that MMH-D3 cells gained suscep-
tibility to HAV infection upon withdrawal of EGF from the
cell culture medium. Our data also suggest that mutations at
the viral surface allowed the entry of HAV into mouse hepa-
tocyte-like cells. The experimental system reported here will
contribute to the identification of cellular factors required for
HAV growth and possibly to the development of a mouse
model for study of the pathogenesis of HAV.
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